The Rhizaria is a super-group of ameoboid protists with ubiquitous distributions, from the 18 euphotic zone to the twilight zone and beyond. While rhizarians have been recently described as 19 important contributors to both silica and carbon fluxes, we lack the most basic information about 20 their ecological preferences. Here, using the in situ imaging (Underwater Vision Profiler 5), we 21 characterize the vertical ecological niches of different test-bearing rhizarian taxa in the southern 22
Introduction 36
Over the last two decades, interest has been elevated in the role of unicellular eukaryotes 37 (i.e., protists) in marine global biogeochemical cycles (Worden et al. 2015) . Among the large 38 diversity of protists inhabiting the ocean (Massana 2015; Simpson et al. 2017) , the Rhizaria is a 39 diverse super-group of unicellular organisms, some of which have planktonic life styles (Burki 40 and Keeling 2014). A typical feature of many marine rhizarians is the formation of a mineral test 41 (or skeleton), whose chemical nature varies between taxa: Acantharia use strontium sulfate 42 (SrSO4), Polycystine radiolarians and Phaeodaria secrete opaline silica (SiO2 nH2O), and 43
Foraminifera form calcium carbonate (CaCO3) tests (Kimoto 2015; Nakamura and Suzuki 2015; 44 Suzuki and Not 2015). With their mineralized skeletons eventually sinking upon death, test-45 bearing rhizarians actively contribute to fluxes of biogenic material into the deep ocean: 46
Foraminifera are responsible for 32-80% of annual CaCO3 export to the deep ocean (Erez 2003) , 47
while Acantharia play a critical role in the ocean's strontium budget (Bernstein et al. 1987) and 48
Polycystines/Phaeodaria can act as major exporters of biogenic silica and particulate organic 49 carbon, especially in oligotrophic regions (Lampitt et al. 2009 ; Guidi et al. 2016; Biard et al. 50 2018) . Despite their active contribution to biogeochemical processes and substantial contribution 51 to the marine carbon pool (Biard et al. 2016 ), there are still many critical gaps in our knowledge 52 of test-bearing rhizarians, impeding full understanding of their ecological significance at local-to-53 global scales. 54
With fossil records as old as the lower Paleozoic (ca. 515 Ma), test-bearing rhizarians are 55 among some of the oldest protist lineages found in modern oceans (Suzuki and Oba 2015) . 56
Through their long evolutionary history, they have adapted to a multitude of environmental 57 conditions resulting in the ubiquity of contemporary rhizarians. They thrive from polar regions to 58 warm equatorial waters, and from the sunlit surface to the dark meso-and bathypelagic ocean In the present study, we use the in situ imaging Underwater Vision Profiler 5 (UVP5) to 91 identify large test-bearing rhizarians (> 600 µm) (Biard et al. 2016 ) and characterize their 92 ecological preferences and vertical niche distributions. We use in situ images collected during 93 extensive vertical profiles on four research cruises of California Current Ecosystem Long-Term 94
Ecological Research (CCE-LTER) program (2008-2016) (Ohman et al. 2013 
In situ analysis of rhizarian populations 107
In situ measurements of rhizarian populations were acquired between 2008 and 2016 on 108 four process cruises of the California Current Ecosystem Long-Term Ecological Research (CCE-109 LTER) Program (P0810, P1208, P1408, P1604; the first two digits designate the year and the 110 second two the month). While the different process cruises were directed to specific questions 111 (Ohman 2018), they all shared the same quasi-Lagrangian design, whereby water parcels of 112 interest (labelled as a "Cycle") were sampled intensively while following the same planktonic 113 Lagrangian experiments, covering a wide range of hydrographic conditions (e.g., coastal 115 upwelling, mesotrophic waters, offshore oligotrophic waters; details in Stukel et al. 2018), we 116 conducted repeated vertical profiles with a CTD-rosette equipped with the in situ imaging system 117 Underwater Vision Profiler 5 (UVP5). The UVP5 is designed to quantify particle concentration 118 and image large planktonic organisms (> 600 µm) at fine vertical scales (5-20 cm vertical 119 resolution; Picheral et al. 2010 ). In the present study, abundance data were binned in depth 120 intervals of 5 m, while discrete depth was considered for individual vignettes. A total of 205 121 vertical UVP5 profiles were retained to estimate integrated abundances, vertical distribution and 122 ecological niche of test-bearing rhizarians. Only 154 of these vertical profiles extended to 500 m 123 (i.e., upper mesopelagic). These vertical profiles generated 22,504 individual rhizarian vignettes 124 (i.e., individual image of particles > 600 µm), after processing the raw images as described in 125 Biard et al. (2016 Biard et al. ( , 2018 . All images were manually identified and classified by a single person. 126
Upon request, all individual vignettes, their associated metadata (e.g., area, ESD, etc.) and binned 127 abundances are accessible online at Ecotaxa (http://ecotaxa.obs-vlfr.fr; Picheral 2017). 128
Environmental data 129
To assess the influence of environmental variables on rhizarian distributions, we created a 130 matrix of abiotic variables obtained from 1) CTD downcast data and 2) water-column dissolved 131 inorganic nutrients, sampled at discrete depths. Data, along with detailed sampling and analytical 132 methods, can be found at http://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets. 133
From this matrix of environmental data, we used six variables: temperature (º C); dissolved 134 oxygen concentration (µmol kg -1 ); Chl a concentration (µg L -1 ); depth of the deep chlorophyll 135 maximum, DCM (m); Chl a concentration at the DCM (µg L -1 ); and silicic acid concentration 136 (µmol L -1 ). Temperature was measured using recently calibrated Seabird sensors (SBE 3). For each taxonomic group, determined based on common morphological characteristics 147 (see below in Results), we considered the central vertical niche as the median depth (± 148 interquartile range) where vignettes were observed. Subsequently, for these central vertical 149
niches, we computed a mean value for each abiotic variable retained (see above). 
Diversity of test-bearing rhizarians 166
Twelve distinct categories were delineated: two types of radiolaria, one foraminiferan, 167 eight phaeodaria and one group of unknown rhizaria (Fig. 1 ). These categories are hereafter 168 described starting with those inhabiting surface waters, continuing with those dwelling deeper. Overall, test-bearing rhizarians detected by UVP5 encompassed organisms ranging in size 198 (expressed as Equivalent Spherical Diameter, ESD) from 877 µm, for a single cell of 199 Castanellidae, to 12.6 mm for a colonial collodarian (Fig. 2) . While most categories included 200 organisms with diameters between 1 and 3 mm, several taxa including the Foraminifera (Fig. 1g ), 201 Tuscaroridae ( Fig. 1i ) and Cannosphaeridae ( Fig. 1j ), mostly exceed a mean size of 3 mm. These 202 three taxa, in addition to colonial collodarians ( Fig. 1a ), included organisms of large individual 203 sizes (e.g., Cannosphaeridae), with extended pseudopodial webs (e.g., Foraminifera) or forming 204 large colonies (e.g., Tuscaroridae). We observed that not only the preceding taxa, but all 205 phaeodarian families can often be observed as colonies of several unicellular specimens. This 206 colonial feature explains some of the size variability within a single taxon (e.g., Aulosphaeridae). 207
Vertical niche definition 208
In order to define test-bearing rhizarians' realized ecological niches, we compared their 209 vertical distribution with profiles of environmental variables, including temperature, silicic acid 210 and dissolved oxygen (Fig. 2 ). We defined three layers occupied by specific taxa (Fig. 3a) . First, 211 the upper ocean or euphotic zone was characterized by the presence of Collodaria (median 212 vertical niche = 35 m) and Acantharia (35 m), being found primarily in the first 100 m (but 213 sporadically to 500 m). The two taxa occurred at temperatures ranging from > 11º C to 14-16º C, 214
for Acantharia and Collodaria respectively, and thrived in well oxygenated and silicic acid-215 depleted surface waters. Then, at the base of the euphotic zone and near the upper mesopelagic, 216
we observed three taxa, the Castanellidae (101 m), the unknown Rhizaria (103 m) and finally the 217 Aulosphaeridae (106 m). The three categories were mainly found in well oxygenated (> 100 218 µmol kg -1 ) water, with temperature records of 10 ± 1º C and silicic acid concentrations of 219 ~20 µmol L -1 . Finally, the third layer, corresponding to the upper mesopelagic (200-500 m), was 220 characterized by a more diverse community (7 taxa) of test-bearing rhizarians associated with 221 colder temperatures (< 8º C). Two taxa were transitional between the limit of the euphotic zone 222 and the upper mesopelagic: Medusettidae were observed consistently between 150 and 400 m, 223 while the Coelodendridae displayed a bimodal vertical distribution with higher densities at ~100 224 and ~400 m. Apart from these two specific taxa, the remaining ones (i.e., Foraminifera, 225
Tuscaroridae, Cannosphaeridae, Aulacanthidae and the unknown phaeodarians), were associated 226 with deep (> 300 m) mesopelagic water masses, enriched in silicic acid (> 60 µmol L -1 ) and close 227 to the Oxygen Minimum Zone (OMZ; oxygen concentration < 50 µmol kg -1 ). Overall, we 228 observed an increase of morphotype diversity with depth ( Fig. 3b) , with substantially larger 229 changes diversity in the epipelagic and the upper mesopelagic. 230
Rhizaria abundance over time 231
Integrated abundances of the different rhizarian categories (with the exception of the 232 Tuscaroridae, which were too rare to be reliably sampled) were quantified in the different Cycles 233 and frontal studies ( Fig. 4 ; Supplementary Table ST1 ). Considering all four cruises, 234
Aulosphaeridae phaeodarians (Fig. 4e) were the most abundant test-bearing rhizarian taxa within 235 the first 300 m (but also extending to 0-500 m). In the upper 300 m, the remaining taxa, The variability over time (i.e., within and between cruises) differed markedly among 242 different types of test-bearing rhizarians and appeared slightly more pronounced in the upper 243 ocean layer. Indeed, for the Castanellidae and the Aulosphaeridae (Fig. 4c, d GAM model was low (R 2 adj = 0.21), but all three tested variables had significant effects (Fig. 5a ). 264
For Acantharia (Fig. 5b) , the DCM appeared to have an insignificant effect in the model, while 265 temperature was the most significant variable. Both taxa showed the same response of increasing 266 abundances with increasing [Chl a] at the DCM. The response to increasing temperatures 267 revealed a positive and marked response from 11ºC to 13-14º C with increasing abundances of 268 both taxa, followed by a reduced or negligible response (i.e., threshold effect). Only the 269
Collodaria displayed a significant negative response to the deepening of the chlorophyll 270 maximum (Fig. 5a) . 271
For rhizarians dwelling at the basis of the epipelagic zone, temperature, DCM, particle 272 concentration and silicic acid were explanatory variables. Carbon fluxes (recorded with sediment 273 traps at 100 m) show no significant effects on abundances of both types of organisms 274 (Castanellidae, = 0.03; p = 0.60; Aulosphaeridae, = 0.07; p = 0.25) and was not considered 275 further. The resulting GAMs produced moderate to strong R 2 adj values of 0.71 and 0.92, for 276 14 Castanellidae ( Fig. 6a) and Aulosphaeridae (Fig. 6b) In the third zone, i.e., the upper mesopelagic layer, GAMs produced models with weak-to-286 moderate predictive power: R 2 adj < 0.3 for Foraminifera, Aulacanthidae and Coelodendridae; R 2 adj 287 = 0.51 for the unknown phaeodarians (Fig. 7) . Similar to the epipelagic GAMs, we detected no 288 significant effects of sampling year on observed abundances of these 4 taxa, nor considered 289
Carbon flux at 100 m as explanatory variable. The only significant, albeit weak, response of 290 Foraminifera to an abiotic factor was a decrease in observed abundance with increasing dissolved 291 oxygen (Fig. 7b ). The three remaining taxa for this zone showed consistent responses, starting 292 with the Coelodendridae near the surface and their threshold response to temperature (similar to 293 Acantharia and Collodaria; Fig. 5 ). For the phaeodarians thriving in the upper mesopelagic ( Fig.  294 7a, c, d), abundances consistently increased with increasing silicic acid concentrations. 
Diversity of test-bearing rhizarians from in situ imaging 298
In situ images of test-bearing rhizarians in the California Current Ecosystem revealed 12 299 visually-recognizable morphological categories, with mixed taxonomic ranks inherent to the While seven of the 12 rhizarian categories observed here were previously described in this 316 region, others, including the phaeodarians Medusettidae, Coelodendridae, Cannosphaeridae and 317
Tuscaroridae have rarely been reported in the CCE, and in few instances worldwide. Among 318 these taxa, Cannosphaeridae are often captured in subtropical waters but are severely damaged 319 upon collection (Nakamura and Suzuki 2015). We could not find any reference to the 320 Medusettidae in contemporary studies off California and only a few worldwide (e.g., Cachon position (Michaels 1988) , physical mechanisms at the air-water interface (e.g., Langmuir cells or 364 zoöcurrent as called by Haeckel 1893) can lead to increased concentration or patchiness in 365 surface layers (Casey 1971; Swanberg 1983; Michaels 1988 ). This phenomenon could explain 366 high acantharian densities observed in frontal regions in 2012 (Fig. 4b ), a similar pattern 367 observed in situ in a frontal zone of the Ligurian Current (Mediterranean Sea; Faillettaz et al. 368 2016) . 369
In the surface layer, temperature appeared as the main environmental factor related to the 370 abundance of collodarians and acantharians, with lower abundances in waters cooler than 13-15º 371 C. This pattern is consistent with previous studies, highlighting the role of temperature (followed The phaeodarians Aulacanthidae were, surprisingly, not commonly observed in surface 381 layers, while they can represent one of the most common phaeodarian groups found in the 382 euphotic layer (e.g., genus Aulacantha; Cachon-Enjumet 1961). Instead, here we observed them 383 deeper, in the upper mesopelagic (discussed further below). Although we cannot rule out the 384 existence of two distinct populations associated with either euphotic or mesopelagic layers, their 385 putative absence here might be a consequence of the limited resolution of the UVP5, since most 386
Aulacantha are smaller than our detection limit of 600 µm. 387
Lower epipelagic zone 388
At the base of the epipelagic zone, the CCE region was characterized by two abundant 389 phaeodarian taxa, Aulosphaeridae and Castanellidae, and other less abundant rhizarians, 390
including the Coelodendridae. Further south, in the Gulf of California, their presence has been 391 previously observed at similar depths, expected for the Aulosphaeridae, which were observed 392 deeper and with considerably lower abundances (Zasko and Rusanov 2005) . Elsewhere, these 393 taxa have also been observed in slightly deeper layers (e.g., < 500 m in the South Atlantic; Kling 394 and Boltovskoy 1995) where they can occupy a significant fraction of zooplankton biomass (e.g., 395 2.7-13% at 200-300 m at station ALOHA; Steinberg et al. 2008 ). However, it has been 396 hypothesized that the vertical distribution of test-bearing Rhizaria can vary with latitude, with 397 some species found in shallow surface waters in high latitudes, but potentially in deeper layers in 398 low latitudes (Casey 1977) . This variability is believed to be related to water temperature, a factor 399 constraining phaeodarian vertical distributions elsewhere (reviewed in Nakamura and Suzuki 400 2015). In a companion study to the present work, Aulosphaeridae were inversely correlated with 401 the depth of the 10º C isotherm ). Here, we generally observed a significant 402 decrease of lower epipelagic phaeodarian populations (Aulosphaeridae and also Castanellidae) 403 with increasing temperature at the depth of their preferred habitat (~100 m). In addition to water 404 temperature, food supply and silicic acid concentration are secondary limiting factors for 405 phaeodarians (reviewed in Nakamura and Suzuki 2015) . 406
Early on, it was hypothesized that deep-water rhizarians should be more abundant below 407 regions of high productivity (Casey 1987 ). We did not find strong evidence of increased 408 phaeodarian abundance with particle concentration (considered here as a proxy for the food of 409 flux-feeders). Neither were relationships detected between the abundance of phaeodarians and the 410 magnitude of carbon export, as determined using sediment traps or the 234 Th method. However, 411 phaeodarians, known to be flux feeders (Gowing 1989) , are also omnivores that feed on 412 suspended bacteria and protists (Anderson 1983; Gowing 1986; Gowing and Wishner 1992) . As 413 little is known about phaeodarian ecology (Nakamura and Suzuki 2015) , the relative importance 414 of these two different diets is unknown. We cannot exclude the possibility that a lack of response 415 to increased particle concentrations reflects a predominantly omnivorous diet in the lower 416
epipelagic. 417
The two phaeodarian taxa inhabiting the lower epipelagic showed contrasting responses to 418 increased silicic acid concentrations, from a slight decrease in abundance of Castanellidae to 419 moderate increases for the Aulosphaeridae. For smaller phaeodarians, the availability of silicic 420 acid (i.e., dSi) could influence their vertical distribution, since some species migrate to layers of 421 higher silicic acid concentrations (Okazaki et al. 2004 ). Here we did not find evidence of changes 422 in vertical distribution over time, suggesting a rather stable positioning at ~100 m (see also displayed a significant increase of abundance with increasing dSi in the mesopelagic layer. 433
Together with the lack of or weak response to temperature and particle concentrations, this 434 pattern is the first direct evidence that dSi availability may be the most important environmental 435 variable (among those tested) structuring deep phaeodarian communities. Below a certain depth 436 threshold, the decrease in water temperature (shown early on to be a major variable affecting 437 phaeodarian vertical distribution; Nakamura et al. 2013 ) is slow and constant. Therefore, below a 438
given temperature, phaeodarians are likely to meet favorable conditions to survive and grow at 439 depth, but our results suggest that their success will then be constrained by dSi availability. 440
In this layer, in situ observations also revealed that various test-bearing rhizarians thrive 441 in oxygen depleted water (< 50 µmol kg -1 ). Only digitate foraminifera (e.g., Hastigerina spp.), 442 observed in the present study, have already been associated with oxygen minimum zone (OMZ; phaeodarians. This association with the OMZ was believed to coincide with a peak in 445 mesopelagic biomass, located above the OMZ, upon which the carnivorous digitate foraminifera 446 depend for locating their prey (e.g., calanoid copepods; Hull et al. 2011). Given their omnivorous 447 behavior (Anderson 1983; Gowing 1986; Gowing and Wishner 1992) , in situ observations of 448 specimens covered with marine snow (Hull et al. 2011) , and the lack of in situ images that could 449 support hypothesis of feeding by phaeodarians on metazoans, it seems likely that phaeodarians 450 are less dependent on the OMZ position than their carnivorous relatives. 451
Insights into rhizarian ecology and evolution 452
In the upper layers of the CCE (0-200 m) most test-bearing rhizarians showed pronounced 453 changes in abundances within and between cruises. Early on, it was reported that the upper 200 454 meters off Southern California showed seasonal changes in rhizarian populations, depending on 455 ocean circulation (Casey 1966) . Notably, such seasonal fluctuations in rhizarian assemblages 456
were not reported deeper, in the mesopelagic layer (Casey 1971 The present data provide insights into the evolutionary processes of test-bearing rhizarians 472 with respect to their environment and competition with other silicifiers, diatoms in particular. 473
Although radiolarians were among the first protistan lineages inhabiting the primitive ocean, the 474 decrease in dSi concentration during the Cenozoic (ca. 66 Ma), coupled with the rise of diatoms, 475 led to a decrease in radiolarian silicification and ecological success (Lazarus et al. 2009 ). Here we 476 distinguished three distinct vertical layers, that may reflect different biological adaptations. In 477 surface layers of the CCE, where diatoms often dominate phytoplankton communities (e.g., 
